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ABSTRACT  7 
The characterization of drops resulting from impact sprinkler irrigation has been 8 
addressed by a number of techniques. In this paper, a new technique based on low-speed 9 
photography (1/100 s) is presented and validated. The technique permits to directly 10 
measure drop diameter, velocity and angle. The photographic technique was applied to 11 
the characterization of drops resulting from an isolated sprinkler equipped with a 12 
4.8 mm nozzle and operating at a pressure of 200 kPa. Sprinkler performance was 13 
characterized from photographs of 1,464 drops taken at distances ranging from 1.5 to 14 
12.5 m. It was possible to analyze separately the drops emitted by the main jet and those 15 
emitted by the impact arm. The proposed technique does not require specific equipment, 16 
although it is labour intensive.  17 
 18 
 19 
Keywords: impact sprinkler, drop, diameter, velocity, angle, photography, low-speed. 20 
                                                 
1  Dept. Soil and Water, Aula Dei Experimental Station, CSIC. P.O. Box. 202, 50080 Zaragoza, Spain. 
rsalvador@eead.csic.es, jburguete@eead.csic.es, vzapata@eead.csic.es, enrique.playan@eead.csic.es 
2 Dept. Planeación de Recursos Hidráulicos, Universidad Autónoma de Zacatecas. Avda. Ramón López 
Velarde, 801. Zacatecas, Zacatecas, México. baucap@uaz.edu.mx 
3 Escuela Politécnica Superior de Huesca, Universidad de Zaragoza. Ctra. de Cuarte, s/n, 22071. Huesca, 
Spain. serreta@unizar.es. 
 
 
 
2
INTRODUCTION 21 
The characterization of drops resulting from impact sprinkler irrigation typically implies 22 
the determination of their diameter as they approach the soil surface. Drop 23 
characterization has been used for different purposes related to irrigation management, 24 
such as evaporation losses, soil conservation and irrigation simulation. Evaporation 25 
losses have often been empirically correlated with wind speed (Edling 1985; Trimer 26 
1987; Keller and Bliesner 1990; Tarjuelo et al. 2000; Playán et al. 2005). Wind speed 27 
has been found to affect fine drops much more than large drops (Fukui et al. 1980; 28 
Thompson et al. 1986, De Lima et al. 1994; De Lima et al. 2002). Lorenzini (2006) 29 
presented a theoretical analysis of water droplet evaporation, and stressed the 30 
importance of air friction and air temperature on the process. Regarding soil 31 
conservation, drop kinetic energy results in soil surface sealing, compaction and erosion 32 
(Bedaiwy 2008). This energy is directly related to drop diameter and velocity (Kincaid 33 
1996). In kinetic energy analyses of sprinkler irrigation, drop velocity was estimated 34 
using simulation models (Kincaid 1996). When it comes to simulating sprinkler 35 
irrigation, the distribution of drop diameters is a primary input. An adequate 36 
characterization of this variable is required to estimate the differences in performance 37 
resulting from different irrigation equipments, operating conditions or changes in the 38 
environment (particularly wind speed). Ballistic sprinkler simulation models (Carrión et 39 
al. 2001; Playán et al. 2006) require this information to estimate the landing point and 40 
terminal velocity of drops resulting from a certain irrigation event. Procedures have 41 
been developed to estimate drop diameter distribution at the nozzle from the sprinkler 42 
application pattern using inverse simulation techniques (Montero et al. 2001; Playán et 43 
al. 2006). Following these techniques, drop distributions can be identified that 44 
reproduce observed application patterns. 45 
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As a consequence of these irrigation management and simulation needs, irrigation drop 46 
characterization has been a traditional field of research. Different techniques have been 47 
developed since the end of the 19th Century (Wiesner 1895). The evolution of drop 48 
characterization techniques as related to natural or irrigation precipitation has been 49 
reported by a number of authors (Cruvinel et al. 1996; Cruvinel et al. 1999; Salles et al. 50 
1999; Sudheer and Panda 2000; Montero et al. 2003). A succinct discussion of the 51 
methods reported in these papers follows: 52 
• Stain method. It is based on the measurement of the stain created by a drop when 53 
impacting on an absorbing surface. Since stain and drop diameters are correlated, 54 
stain diameters can be used to estimate drop diameters (Magarvey 1956).  55 
• Flour method. Drops impacting on a thin layer of flour create pellets whose mass 56 
or diameter is statistically related to drop diameter (Kohl and DeBoer 1984) 57 
• Oil immersion method. Based on the fact that water droplets can get trapped in a 58 
fluid with adequate density. Drops are then observed with appropriate optical 59 
equipment to measure their diameter (Eigel and Moore 1983) 60 
• Momentum method. Includes a variety of techniques (mostly applied to natural 61 
precipitation) based on the use of pressure transducers to estimate the kinetic 62 
properties of sets of drops (Joss and Waldvogel 1967). 63 
• Photographic method. The methodology is based on high-speed photographs of 64 
drops in an irrigation jet. The technique first focused on photographing raindrops 65 
(Jones 1956). Recently, photographs have been used to estimate drop diameter 66 
through digital techniques (Sudheer and Panda 2000). 67 
• Optical methods. In the last decade of the 20th Century, two types of optical 68 
methods were applied to measure drop diameter. The first one is based on the 69 
analysis of the deviation of a laser flow as it passes through drops of different 70 
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characteristics (Kincaid et al. 1996). The second one, the optical disdrometer, 71 
measures the attenuation of a luminous flow (Hauser et al. 1984; Montero et al. 72 
2003). Both methods provide automated estimates of drop diameter in a set of drops. 73 
Optical methods count on the advantage of being fully automated in data collection, 74 
thus permitting fast, repeatable drop characterization. These methods have however 75 
specific sources of errors, such as those induced by side-passing drops and overlapping 76 
drops. Recently, (Burguete et al. 2007) presented a simulation study characterizing the 77 
relevance of these errors under a number of experimental conditions, and proposed a 78 
statistical method to reject erroneous drops. Burguete et al. (2007) theoretically 79 
analysed the use of the disdrometer to estimate drop velocity from drop time of passage, 80 
and found it subjected to large experimental errors. 81 
The need for an alternative, simple method for evaluating the characteristics of sets of 82 
drops motivated the search for a direct drop characterization method able to provide 83 
information on at least drop diameter and velocity. Recent developments in digital 84 
photography oriented the search towards a photographic method which could be used to 85 
obtain data sets adequate for detail analysis of sprinkler irrigation problems. Such a 86 
method stands as an attractive alternative, since it does not require specific equipment. 87 
In this paper a new photographic technique is presented, validated and tested. The 88 
technique permits to measure the diameter, velocity and angle (in a vertical plane 89 
containing the drop trajectory) of each drop. The proposed technique is based on low-90 
speed photography rather than on high-speed photography. Under low-speed conditions, 91 
drops are photographed as traces of the drop trajectory, thus permitting determination of 92 
the three abovementioned variables. Under high-speed conditions, it is only possible to 93 
determine drop diameter, since drops are visualized as spheres. The results of the 94 
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proposed low-speed photography technique were applied in this paper to characterize 95 
water application resulting from an isolated impact sprinkler. 96 
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MATERIALS AND METHODS 97 
Basic experimental set up  98 
A VYR35 impact sprinkler (VYRSA, Burgos, Spain) was used in all experiments. This 99 
model is commonly used in solid-set systems in Spain. The sprinkler was equipped with 100 
a 4.8 mm nozzle (including a straightening vane). An isolated sprinkler was installed at 101 
an elevation of 2.15 m and operated at a nozzle pressure of 200 kPa. The sprinkler 102 
revolution time was 27.5 s. A volumetric water meter was used to estimate sprinkler 103 
discharge. The experimental runs were performed at the CITA farm located in 104 
Montañana, Zaragoza (Spain). A plot was chosen which was protected from the 105 
prevailing winds by a windbreak. Experiments were performed in periods of 106 
inappreciable wind.  107 
Characterization of the radial application pattern 108 
In order to achieve this objective, 28 pluviometers were installed on the experimental 109 
plot along a sprinkler radius, covering distances from 1.5 m to 14.0 m, with 0.5 m 110 
interval. The pluviometer dimensions were in compliance with the ISO 15886-3 norm. 111 
The irrigation test lasted for two hours, during which 2.495 m3 of irrigation water were 112 
applied (average discharge of 0.347 L s-1).  113 
Preliminary photographic experiments for drop characterization 114 
Using a relatively low shutter speed, drops are represented in the photographs as 115 
cylinders, thus permitting the identification of drop diameter and length of run (by 116 
comparison with a photographed reference ruler), and vertical angle. Drop velocity can 117 
be derived from the length of run and the shutter speed. 118 
Preliminary experiments were performed to identify optimum camera operation 119 
conditions for outdoor drop identification. The camera zoom was always set at 70 mm. 120 
After trying several background screen colours, black was chosen as the best option for 121 
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drop characterization. In a second step, different shutter speeds (100, 125 and 160) and 122 
diaphragm openings (from F4.5 to F29) were tested. The chosen combination was a 123 
shutter speed of 100 (1/100 s) and F11. These camera adjustments resulted in sharp drop 124 
cylinder images.  125 
In all subsequent experiments, the camera and the screen were installed as depicted in 126 
Fig. 1, to allow for drops to fall between them. The screen was built to suit the needs of 127 
the experiment. It consisted of a plastic rectangle of 0.30 x 0.40 m covered with a black 128 
cloth to prevent drops on the plastic material from shining and thus disturbing the 129 
characterization of falling drops. A reflecting metallic lateral was mounted on the side 130 
of the screen (opposite to the sun) to increase the drop brightness by duplicating the 131 
source of light (sun and reflector). The screen was installed at a distance of 1.00 m from 132 
the camera objective. The reference ruler was installed on the screen, at a distance of 133 
0.25 m from it (0.75 m from the camera objective). The camera was manually focused 134 
on the reference ruler. 135 
Subsequently, tests were performed to determine how many photographs could be taken 136 
when shooting in continuous mode and what the speed of picture taking was. These 137 
values depend of the selected photo quality. Quality “L” (3,872 by 2,592 pixels) was 138 
selected because this was the highest available image resolution in JPEG format, and 139 
the picture taking speed was adequate (2.9 photos per second). The combination of 140 
photo quality, zoom regulation and distance to the target resulted in a density of 141 
14-15 pixels mm-1. As a consequence, drops of 0.5 mm would have a diameter of about 142 
7 pixels, while drops of 5 mm would have a diameter of 70-75 pixels. Regarding the 143 
length of the drop trace (cylinder height), it fluctuated between 130 and 1,050 pixels, 144 
depending on drop velocity.  145 
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Validation of the proposed photographic method 146 
An experiment was performed to validate the main features of the method. Drops were 147 
modelled using metallic spheres of known diameter and physically determined velocity. 148 
A digital micrometer was used to determine an average diameter of 4.49 mm, and a 149 
coefficient of variation in diameter of 0.69 %. The experimental density of the lead-150 
based spheres was 11.2 Mg m-3. A set of spheres was released from an elevation of 151 
0.55 m over the 0 mark on the reference ruler. Photographs were used to determine 152 
sphere diameter and velocity. Due to the short trajectory of the spheres and the high 153 
metal density, acceleration was relevant when spheres were photographed. 154 
Consequently, for each sphere, the elevation from the release point to the centre of the 155 
photographed trajectory was determined. In order to test the photographic depth-of field 156 
and to estimate the related errors, spheres were released from five different points, 157 
differing in distance to the camera objective. The first release point was just above the 158 
reference ruler. The remaining four points were closer to the camera objective by 0.02, 159 
0.04, 0.06 and 0.08 m, respectively. In all five cases, the camera objective was focused 160 
to the reference ruler. 161 
Diameter validation consisted on comparing micrometric measurements and 162 
photographic estimates of sphere diameter at different distances from the reference 163 
ruler. Regarding sphere velocity, the ballistic theory applied to drop movement was 164 
analysed (Fukui et al. 1980; Seginer et al. 1991). Under the experimental conditions the 165 
drag force was orders of magnitude smaller than the sphere weigh. As a consequence, 166 
sphere movement could be approximated by the free fall equation: 167 
hg2V =  [1] 168 
Where V is vertical velocity, g is the acceleration of gravity, and h is elevation from the 169 
release point.  170 
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Experimental runs for drop characterization: field procedures 171 
Field experiments for drop characterization began at the experimental plot with the 172 
isolated sprinkler (Fig. 1), in sessions lasting between one and two hours. Nozzle 173 
pressure was controlled with a manometer and adjusted to 200 kPa. A radial line was 174 
marked on the soil extending from the sprinkler to the last observation point. The line 175 
was marked in every experimental period so that it formed a horizontal angle of about 176 
5º with the sun. Observation points for drop photography were marked on the line at 177 
distances of 1.5, 3.0, 4.5, 6.0, 7.5, 9.0, 10.5 and 12.5 m from the sprinkler. While the 178 
interval between observation points was usually 1.5 m, between the last two observation 179 
points the interval was 2.0 m. This interval was chosen so that photographs could be 180 
taken at 12.5 m, the last distance from the sprinkler at which drops could be appreciated 181 
at the camera elevation (0.80 m). It was judged interesting to photograph the drops 182 
reaching the largest distances from the sprinkler. 183 
At each observation point, the camera and the screen were installed (Fig. 1). When the 184 
sprinkler jet approached the measurement line, the camera shooting was activated in 185 
continuous mode. Shooting stopped when drops could not be appreciated. 186 
Consequently, the number of photographs was different in each experimental run. In 187 
fact, this number depended on the time the jet stayed over the observation point (in turn 188 
dependent on distance to the sprinkler). This procedure was repeated between three and 189 
ten times at each observation point, depending on the local drop density (number of 190 
drops per unit photographed area). Drop density was very high near the sprinkler, while 191 
at the distal areas a large number of photographs were required to obtain a 192 
representative sample of the local drop population. 193 
Although the sprinkler nozzle produces one compact jet of drops, the sprinkler impact 194 
arm takes some of its water to create a new, small jet at a certain horizontal angle. At 195 
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distances of 6.0 and 7.5 m from the sprinkler, the time lag between the drops coming 196 
from the impact arm and those coming from the main jet was long enough to 197 
photograph both sources of drops separately. At smaller distances no distinction could 198 
be made, while impact arm drops were not observed at distances exceeding 7.5 m. 199 
Experimental runs for drop characterization: office procedures 200 
At every observation point a large number of photographs were taken. Some of them 201 
showed drops of adequate quality. These photographs were selected for further analysis 202 
using Microsoft Picture Manager®. The values of brightness, contrast and semitone 203 
were fixed at 60, 85 and 100 %, respectively, for all images.  204 
The GIMP2© software (University of California, Berkeley, USA) was used for drop 205 
analysis. Drops adequately focused (located near the vertical plane containing the 206 
reference ruler) were numbered for future reference. Due to the available image 207 
resolution, drops not reaching 0.3 mm in diameter were discarded since it was 208 
impossible to assess if they were focused. The following step was to measure drop 209 
length, angle respect to the horizontal (setting the 0º at the line starting at the camera 210 
objective and perpendicularly intersecting the sprinkler riser), and drop diameter 211 
(correcting the number of horizontal pixels with the drop angle). If for a given drop the 212 
complete cylinder was not represented in the photograph, drop velocity was not 213 
measured. However, the drop diameter and angle were added to the drop database. All 214 
values were initially registered in pixels and transformed to mm using the pixel mm-1 215 
ratio obtained from the analysis of the image of the reference ruler. Histograms of the 216 
three analyzed variables were produced at each observation distance.  217 
Drop diameter was combined with the sprinkler application pattern to estimate 218 
cumulative applied volume at a certain distance from the sprinkler.  219 
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RESULTS AND DISCUSSION 220 
Characterization of the radial application pattern 221 
The first step for sprinkler characterization was to obtain the radial application pattern 222 
using pluviometer data (Figure 2). The resulting pattern is characteristic of impact 223 
sprinklers operating at low pressure. It shows low precipitation values (as low as 224 
1.2 mm h-1) at intermediate distances (5-7 m from the sprinkler), and maximum values 225 
near the end of the irrigated area. The minimum recorded precipitation was 0.2 mm h-1 226 
at 14.0 m from the sprinkler, while the maximum precipitation was 2.8 mm h-1 at 227 
11.0 m. The average precipitation along the irrigated radius was 1.6 mm h-1. 228 
Validation of the proposed photographic method 229 
Photographs taken at distances between the spheres and the vertical plane containing the 230 
reference ruler of 0.06 and 0.08 m were out of focus and could not be evaluated. As a 231 
consequence, the proposed method characterizes drops located in a range of ± 0.04 m 232 
from the focus point (the reference ruler). A total of 43 photographs containing 138 233 
trajectories of the validation metallic spheres (corresponding to the distances to the 234 
reference ruler of 0.00, 0.02 and 0.04 m) were evaluated.  235 
The average measured sphere diameters were 4.47, 4.59 and 4.60 mm, for distances of 236 
0.00, 0.02 and 0.04 m, with respective coefficients of variation of 2.01, 2.74 and 237 
3.13 %. The increase in diameter with decreased distance to the target reflects the error 238 
derived from spheres which appear larger than they are because they are closer to the 239 
camera objective. In the worst case, spheres with a real diameter of 4.49 mm resulted in 240 
estimated diameters of 4.60 mm. As a consequence, the proposed method results in a 241 
maximum average error of ± 2.45 % at a distance of 0.04 m from the reference ruler. 242 
Under a random fall of spheres, the errors produced on both sides of the reference ruler 243 
cancel, and the average error can be approximated by the average diameter error at a 244 
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distance of 0.00 m (-0.45 %). These maximum and average error figures are moderate, 245 
and can be compared to the manufacturing coefficient of variation of the spheres 246 
(±0.69 %).  247 
Regarding drop velocity, the average simulated velocity was 3.26 m s-1. The average 248 
measured velocities were 3.27, 3.28 and 3.22 m s-1 at 0.00, 0.02 and 0.04 m from the 249 
reference ruler, respectively. The expected average error corresponds to the error at 250 
0.00 m (0.31 %), while the maximum average error was 1.23 % at a distance of 0.04 m 251 
from the ruler. In the case of sphere velocity, however, photographic measurements 252 
were compared to simulation results, not to velocity measurements.  253 
Drop angle was not validated, due to the physical nature of its measurement procedure 254 
and its independence from the distance to the reference ruler. 255 
The errors in diameter and velocity resulting from the spheres being closer or further to 256 
the camera objective than the reference ruler cancel out when average values are 257 
produced. These errors result in modified distributions of diameters and velocities. The 258 
maximum errors have been bounded in the reported experiment (±2.45 % for diameter 259 
and ±1.23 % for velocity). These error bounds must be taken into consideration when 260 
analysing the results presented in this paper, but the magnitude of the errors does not 261 
compromise the validity of the results. 262 
Basic drop statistics  263 
A large number of photographs (about 600) were taken. Only 184 of them contained 264 
valid drops. The rest of the photographs were taken before or after the jet passage, or 265 
contained very few, unfocused drops. The total number of valid drops was 1,464. 266 
Table 1 presents basic statistics (mean, minimum and maximum) of the number of 267 
drops and the analyzed variables (arithmetic diameter, volumetric diameter, velocity and 268 
angle) as a function of the distance to the sprinkler. The number of drops ranged from 269 
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61 at 12.5 m to 354 at 1.5  m. Average drop diameter increased with distance, with a 270 
minimum of 0.6 mm at 1.5 m, and a maximum of 3.3 mm at 12.5 m. The volumetric 271 
diameter followed a similar pattern, increasing from 0.7 mm at 1.5 m to 4.1 mm at 272 
12.5 m. Drop velocity also increased with distance, ranging from 1.9 m s-1 by the 273 
sprinkler to 5.6 m s-1 at the limit of irrigated area. Average angle values resulted quite 274 
variable, and it was not possible to appreciate a relationship with distance to the 275 
sprinkler. In the proximal region the angle was sometimes larger than 90º. This can be 276 
attributed to the fact that the experimental setup was located outdoor. As a consequence, 277 
turbulences could have distorted drop angle, particularly for small drop diameters. An 278 
extended version of Table 1, individualizing each drop within each distance from the 279 
sprinkler, can be downloaded from www.eead.csic.es/drops. 280 
Figure 3 presents photographs of drops #204, #646 and #1,456. At the bottom of each 281 
picture, information is provided on the distance to the sprinkler (D), drop diameter (∅), 282 
drop velocity (V) and drop angle (â). To ease visualization, images are presented in 283 
different scales. The photographs depict drops as transparent cylinders, and permit 284 
accurate, direct determination of their size, even for the smallest diameters. The quality 285 
of the photographs permits to obtain the information required to characterize the 286 
sprinkler application pattern at any distance. Comparison between the three pictures 287 
illustrates the effect of the distance to the sprinkler on drop diameter (increase) and 288 
velocity (increase).  289 
Drop diameter vs. distance 290 
Drop diameter distribution histograms are presented in Fig. 4 for all distances to the 291 
sprinkler. As the distance to sprinkler increases, the frequency of large drops increases. 292 
The smooth transition observed for distances up to 9.0 m becomes abrupt between 293 
distances of 9.0 and 10.5 m. These differences could be attributed to the fact that drops 294 
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landing at distances under 10.5 m from the sprinkler can either be emitted from the 295 
nozzle or separate from the jet along its trajectory. This fact could explain the presence 296 
of drops with diameters under 1 mm (about 40 % at 9.0 m), which completely disappear 297 
at a distance of 10.5 m. From 10.5 m on, all drops seem to result from the disintegration 298 
of the jet, and the modal diameters are in the interval 2-4 mm. This hypothesis was 299 
presented by Von Bernuth and Giley (1984) and Seginer et al. (1991). Montero et al. 300 
(2003) reported similar results when analyzing drop diameter measurements performed 301 
with an optical disdrometer. The uncertainties associated to disdrometer measurements, 302 
evidenced by Burguete et al. (2007) raised some concern about the quantitative 303 
importance of these small drops. Photographic data confirm the relevance of small 304 
drops at large distances from the sprinkler, and pose additional concerns about the 305 
adequacy of sprinkler irrigation ballistic theory, specifically about the hypothesis stating 306 
that all drops are created at the nozzle. 307 
At distances from the sprinkler of 6.0 and 7.5 m, part of the drops were identified as 308 
being created by the oscillations of the impact arm, while the rest of the drops were 309 
attributed to the main jet. In Figs. 4, 5 and 6, the frequency of these drops is presented 310 
in black columns. Since impact arm and main jet drops were separated in the Figure, it 311 
could be observed that impact arm drops were larger than main jet drops at each 312 
distance. 313 
Drops under 1 mm constituted the most frequent class for distances up to 7.5 m. The 314 
observation distance with the largest frequency of small drops was 1.5 m (98 %). From 315 
this distance on, the frequency of small drops decreased as the frequency of large drops 316 
increased. The largest diameters (larger than 4 mm) were only present at distances of 317 
10.5 and 12.5 m, and showed frequencies of about 15 %. At a distance of 12.5 m, drops 318 
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exceeding 5 mm in diameter were more frequent than at 10.5 m, the other distance 319 
where they were found.  320 
Drop velocity vs. distance 321 
Drop velocity resulted more variable than drop diameter for each considered distance. 322 
Figure 5 presents the frequency of drop velocity at the observation points. An increase 323 
of velocity with distance can be appreciated in the Figure, where three patterns can be 324 
observed: 1) Up to a distance of 6 m, velocities were low-medium (up to 5 m s-1). Low 325 
velocities (< 3.0 m s-1) prevailed at 1.5 m and at 3.0 m, accommodating about 95 % of 326 
the drops in both cases. At distances 4.5 m and 6.0 m, a gradual increase of velocity 327 
with distance was evidenced; 2) Between 7.5 and 9.0 m, a nearly homogeneous 328 
distribution of velocity could be observed in the range 0-6 m s-1; 3) Finally, for 329 
distances 10.5 and 12.5 m, velocities were in the medium-high range (4-6 m s-1). Drops 330 
emerging from the impact arm (depicted in black in Fig. 5) showed higher velocities 331 
than the rest of drops at the same distances. This can be attributed to the 332 
abovementioned differences in diameter. 333 
Drop angle vs. distance 334 
Drop angle showed the widest fluctuations among the three analyzed variables (Fig. 6). 335 
While wind speed was inappreciable during the experiments, turbulences seem to have 336 
occasionally influenced drop angle, particularly for the smallest drops. Angles slightly 337 
under 90º should be expected, as characteristic of drops reaching the soil surface with a 338 
certain component of velocity in the x direction. Although most drops show angles in 339 
the range 65-95º, the frequency of drops falling with angles in the >95º range is relevant 340 
at some distances. The drop diameter pattern (particularly the frequency of small drops) 341 
can contribute to explain the variability in drop angle. For distances of 9.0 m and 342 
 
 
 
16
beyond, drops with angles exceeding 85º were practically non-existent (1 % at 9.0 and 343 
10.5 m; 0 % at 12.5 m). Drops landing at these distances were comparatively large and 344 
therefore less likely to be affected by turbulences. Drops with angle >85º had a 345 
frequency of 96 % at a distance of 1.5 m. This result can be related to the small drop 346 
diameter (< 1 mm in 98% of the drops). Drops with angle >85º also showed a large 347 
frequency at 7.5 m (67 %). In the remaining distances, this range of angles was 348 
symbolic. Drops with angle 75-85º appeared in very variable frequencies. Drop angles 349 
<75º prevailed at larger distances, with frequencies of 83% at 9.0 m, 75 % at 10.5 m and 350 
98 % at 12.5 m. In the remaining distances, frequencies fluctuated without a clear trend. 351 
Drops emerging from the impact arm had lower angles than the rest of the drops at the 352 
same distances, with the most frequent class being <65º. While this can be partially 353 
attributed to their comparatively large diameter, the action of the arm seems to modify 354 
the vertical drop trajectory respect to drops of similar diameter resulting from the main 355 
jet. 356 
Cumulative drop frequency and volume 357 
Cumulative drop frequency and volume vs. drop diameter are presented in Fig. 7 358 
(subfigures 1 and 2, respectively). The graphs show one cumulative line for each 359 
observation distance to the sprinkler. Cumulative frequency lines approach 100 % at 360 
smaller drop diameters than cumulative volume. This indicates than although the 361 
number of large drops is low, their volume contribution is quite large. The cumulative 362 
lines corresponding to distances 10.5 and 12.5 m greatly differ from the rest of distances 363 
both in frequency and in volume. This can be attributed to the differences in the 364 
frequency of large drops (exceeding 3 mm) presented in Fig. 4. In the graph presenting 365 
cumulative volume (Fig. 7.2) curves for distances 6.0, 7.5 and 9.0 appear separated and 366 
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present less slope than the 1.5, 3.0 and 4.5 m curves. These groups of curves showed a 367 
more similar pattern in cumulative frequencies (Fig. 7.1). 368 
The cumulative frequency graph shows that small drops (<2 mm of diameter) exceeded 369 
90% frequency for distances below 10.5 m, reaching 100 % frequency (and even 370 
volume) for distances up to 4.5 m. At medium-large distances the situation changed, 371 
particularly in volume. At 6.0, 7.5 and 9.0 m the cumulative volume for small drops was 372 
70 %, 50 % and 65 %, respectively. At the largest distances, 10.5 and at 12.5 m, the 373 
curves were less steep both in frequency and volume, indicating that the distribution of 374 
diameters was well graded. The volume of small drops (< 2 mm) was 1.5 % at 10.5 m 375 
and 0.7 % at 12.5 m.  376 
The drop diameter range 2-5 mm was not important in terms of frequency at medium 377 
distances (4.5 to 9.0 m), averaging 5 %. However, this diameter range represented 40 % 378 
of the applied volume. Similar findings could be reported for large drops (>5 mm in 379 
diameter) at 10.5 and 12.5 m, since these drops only represented 3 % in frequency but 380 
16 % in volume. Although frequency data are particularly interesting to analyze the 381 
validity of the ballistic model, the analysis of cumulative volume produces more insight 382 
on the significance of different drop diameter classes. 383 
Relationships between drop diameter, velocity and angle 384 
In the previous paragraphs relationships were described between drop diameter and the 385 
other measured variables at each observation distance (Figs. 4, 5 and 6). These 386 
descriptions were qualitative, since the variables were grouped in diameter ranges and 387 
separated by distance to the sprinkler. Figures 8 and 9 present scatter plots between drop 388 
diameter on one hand and velocity and angle on the other, for all characterized drops.  389 
A clear trend was observed between diameter and velocity (Fig. 8), which was 390 
represented by a logarithmic model (R2 = 0.91). This trend represents a varying 391 
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proportionality. The continuous decrease in slope is related to the relationship between 392 
drop diameter and aerodynamic drag, and to the fact that small drops are observed in 393 
their final, quasi vertical trajectory, while larger drops are usually observed when their 394 
trajectory still has a relevant horizontal component. Symbols in Fig. 8 represent the 395 
observation distance, and reveal that large drops are indeed observed at distal points, 396 
while finer drops can be observed at any point, but more frequently near the nozzle. 397 
Figure 9 presents the relationship between drop diameter and drop angle. The Figure 398 
shows an important variability in angle for small drop diameters. The trajectory of small 399 
drops was occasionally affected by turbulences distorting their vertical angle. 400 
Variability sharply decreased with drop diameter. A significant linear relationship 401 
(p < 0.001) could be established between both variables, although the coefficient of 402 
determination was very low. The application of the linear model to the estimation of 403 
drop angle for diameters of 0.5 and 5.0 mm resulted in angles of 80.1º and 59.1º, 404 
respectively. As a consequence, a range of 20º in drop angle should be observed in the 405 
absence of turbulences in all drop diameters and for all observation points, with the 406 
most vertical trajectories corresponding to small drops. 407 
Volumetric analysis of drop diameter and velocity 408 
Figure 10 presents the cumulative volume applied by each drop diameter class as a 409 
function of distance. An increase in the slope of cumulative volume lines was observed 410 
as drop diameter increased. This suggests that large drops contribute to sprinkler 411 
irrigation in a comparatively narrow circular crown. On the contrary, small drops 412 
contribute to the irrigation of wide circular crowns. 80 % of the volume applied by 413 
drops with diameter <1 mm fell between 0 and 6.0 m from the sprinkler, while 100 % 414 
fell between 0 and 9.0 m. At this last distance, drops with diameter of 1-2 mm had also 415 
applied practically all their volume. On the other hand, drops with diameter ranges 2-3 416 
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mm and 3-4 mm applied 63 % and 86 % (respectively) of their volume between 9.0 and 417 
12.5 m to the sprinkler. Between these two distances, the largest drop class (> 4 mm) 418 
applied 100 % of their volume. 419 
Figure 11 presents a visual representation of the results reported in Fig. 10. Drops of 420 
different diameters are depicted and located in circular crowns centred at the 421 
observation points. In this quarter-circle representation, a sample of 500 drops (and half 422 
drops) are presented and located in each circular crown following the observed 423 
frequencies. The data included in the Figure present the drop distribution in the total 424 
area irrigated by the sprinkler in terms of drop frequency and associated volume. 425 
Confirming previous results, drop density drastically decreases with distance. At the 426 
same time, drop diameter increases and compensates (in terms of volume) the decrease 427 
in density. It is interesting to note that 71.6 % of the total drops had diameters <1 mm, 428 
with a volumetric contribution of just 7.9 %. On the other hand, the largest drops 429 
(>4 mm) had a frequency of 0.7 %, but their volumetric contribution was 27.1 %. 430 
Finally, Figure 12 presents the arithmetic (Table 1) and volume weighed average drop 431 
velocity as a function of distance to the sprinkler. The volumetric average shows an 432 
approximately linear relationship between 2 and 6 m s-1, while the arithmetic average 433 
reports on a sharp increase in drop velocity between 9.0 and 10.5 m from the sprinkler. 434 
Evaluation of the proposed photographic methodology 435 
The proposed method permits direct, visual measurement of the drop variables. It 436 
produces quality measurements of the photographed drop population. Photographic data 437 
quality is based on the individualization of the drops and on the physical nature of the 438 
geometric determinations. Additionally, the proposed technique is low-cost, easy to 439 
setup and transport (just a camera and a screen), does not require computing power in 440 
the field and permits to measure drop angles. Finally, the proposed technique obtains 441 
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three variables per drop, as compared to the diameter measurements reported in the 442 
literature for optical methods (Kincaid 1996; Montero et al. 2003). 443 
Unfortunately, the method requires skilful operation in the field and time-consuming 444 
processing at the office. About 200 h of work were required to run the field and office 445 
phases of the reported experiments. Most of the time (about 7 min drop-1) was devoted 446 
to the estimation of drop variables from the treated images. As a consequence, the 447 
proposed method results cumbersome and time consuming. Automation of this process 448 
could be addressed using image processing, although the initial programming effort 449 
could be much more intense than the reported experimentation effort. 450 
CONCLUSIONS 451 
The proposed technique has permitted to estimate drop diameter, velocity and angle 452 
through direct measurements, thus guaranteeing quality in the characterization of the 453 
drops present in the photographs. The photographic technique is free from some of the 454 
problems that have been described for optical methods. Diameter and velocity 455 
measurements were successfully validated, with average errors of -0.45 and 0.31 %, 456 
respectively. A certain increase in the variability of diameter and velocity was 457 
appreciated, resulting from experimental errors and from the measurement of drops 458 
located at distances up to ±0.04 m from the focus point. The proposed technique is 459 
cumbersome, just like many other direct measurement techniques reported in the 460 
literature (Sudheer and Panda 2000).  461 
In the experimental case, results confirmed the differences in diameter, velocity and 462 
angle resulting from the distance to the sprinkler. The method permitted independent 463 
characterization of the drops emitted by the impact arm at distances of 6.0 and 7.5 m, 464 
showing relevant differences in the analysed variables with the main jet drops at the 465 
same distances. Very fine drops (<1 mm) were observed at distances of up to 9.0 m 466 
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from the sprinkler, a distance where their presence can not be explained by sprinkler 467 
irrigation ballistics (Lorenzini 2004). Our findings confirm similar results by Seginer et 468 
al. (1991), Montero et al. (2003) and Burguete et al. (2007), and stress the need to 469 
reformulate ballistic theory in the sense that not all drops are formed at the nozzle. The 470 
distribution of drop velocity followed the trends reported for drop diameter, while the 471 
angle showed high variability at some distances (particularly for fine drops), which was 472 
attributed to turbulences. The volumetric frequency of drop diameters permitted to 473 
reconstruct water application along the sprinkler radius in terms of the frequency of 474 
drops of different diameters. 475 
The reported experiment was performed at a nozzle pressure of 200 kPa, which is 476 
substantially lower than the usual nozzle pressures for this type of impact sprinklers 477 
(300-400 kPa). Finer drops should be expected at these operating pressures, which 478 
could require specific adaptations of the proposed methodology. 479 
The proposed technique does not require specific equipment, but it is labour intensive. 480 
This methodology can provide data to run drop-by-drop simulations aiming at 481 
improving the hypotheses behind ballistic models, particularly those addressing the 482 
process of drop formation along the jet. The reported drop velocity and angle 483 
measurements will be an additional source of validation for such simulation results.  484 
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Table 1. Basic statistics of the number of drops and analyzed variables for each distance 582 
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LIST OF FIGURES 584 
Figure 1: Experimental setup for drop characterization. 585 
Figure 2: Radial application pattern for a VYR35 sprinkler equipped with a 4.8 mm 586 
nozzle (including a straightening vane) and operating at a pressure of 200 kPa. 587 
Figure 3: Typical drop photographs, representative of three drop sizes. The information 588 
obtained from drops #204, #646 and #1,456 is presented in the figure (D = Distance 589 
to the sprinkler;  ∅ = Drop diameter ; V = Drop velocity;  and â = Drop angle). A 590 
scale bar is presented within each picture. 591 
Figure 4: Frequency of drop diameter classes at the observation points (distances of 1.5, 592 
3.0, 4.5, 6.0, 7.5, 9.0, 10.5 and 12.5 m from the sprinkler). Grey areas represent drops 593 
emitted from the main jet, while black areas represent drops emitted by the impact 594 
arm. 595 
Figure 5: Frequency of drop velocity classes at the observation points (distances of 1.5, 596 
3.0, 4.5, 6.0, 7.5, 9.0, 10.5 and 12.5 m from the sprinkler). Grey areas represent drops 597 
emitted from the main jet, while black areas represent drops emitted by the impact 598 
arm. 599 
Figure 6: Frequency of drop angle classes at the observation points (distances 1.5, 3.0, 600 
4.5, 6.0, 7.5, 9.0, 10.5 and 12.5 m). Grey areas represent drops emitted from the main 601 
jet, while black areas represent drops emitted by the impact arm. 602 
Figure 7: Curves of cumulative drop frequency (1) and application volume (2). 603 
Figure 8: Relationship between drop diameter and drop velocity. Each observation 604 
distance was represented with a different symbol. 605 
Figure 9: Relationship between drop diameter and drop angle. Each observation 606 
distance was represented with a different symbol. 607 
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Figure 10. Cumulative volume applied by each drop diameter class as a function of 608 
distance to the nozzle. Data are presented for different drop diameter classes. 609 
Figure 11. Representation of drop distribution resulting from the experimental sprinkler 610 
in a quarter-circle. A total of 500 drops (and half drops) are distributed at different 611 
distances from the nozzle. 612 
Figure 12. Arithmetic and volume weighed average drop velocity as a function of 613 
distance to the sprinkler. 614 
Diameter (mm) Velocity (m s-1) Angle (º) Distance 
(m) 
Number 
of Drops Average Min Max Average Min Max Average Min Max 
1.5 354 0.6 0.4 1.6 1.9 1.0 3.8 94 65 105 
3.0 205 0.7 0.5 1.6 2.4 1.4 3.6 70 53 84 
4.5 135 0.8 0.3 1.8 2.5 0.9 4.1 75 39 112 
6.0 260 0.9 0.4 2.5 2.5 0.9 5.2 67 43 98 
7.5 156 1.1 0.4 3.8 3.1 0.9 5.9 88 60 107 
9.0 184 1.1 0.4 3.1 3.3 1.0 6.3 67 51 86 
10.5 109 3.0 1.3 6.8 5.6 4.2 7.5 73 61 87 
12.5 61 3.3 1.7 6.4 5.5 4.2 7.2 69 60 79 
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